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Abstract
With the increasing use of amine solvents for carbon capture, there is a critical need to characterize the potential
health effects of these materials and their degradation products formed within the capture system or downwind of 
release. This study evaluated the acute inhalation health risk of exposure to degraded mixtures of monoethanolamine
(MEA), methyldiethanolamine (MDEA), and piperazine (PIP). Degradation was achieved in a heated (150 C) and 
pressurized (approximately 15 psi) stainless steel vessel by adding NO2 and purified air over approximately 75 days.
Laboratory mice were exposed to the degraded mixture (as well as the neat amines in separate experiments) 6 hrs/day 
for 7 consecutive days in a whole-body inhalation chamber. Bronchoalveolar lavage (BAL) was carried out 18 to 24
hours post-exposure and inflammatory cells were counted in lavage fluid. Cytokine expression and oxidative stress 
were measured in lung tissue. We found that exposure to degraded MEA resulted in significant increases in total
cells, neutrophils, and lymphocytes, and the strongest cytokine response compared to control mice and compared to
MEA-exposed mice. Neither MDEA nor PIP, or their degradant mixtures, caused increased inflammatory cells in
BAL fluid. The degraded MEA atmosphere also caused a statistically significant decrease in oxidative stress in
mouse lung. The degraded MDEA atmosphere caused the strongest cytokine response of the amines tested, producing 
statistically significant increases in cytokine growth-related oncogene (GRO-KC), monocyte chemotactic protein -1
(MCP-1), and granulocyte-macrophage colony stimulating factor (GMCSF) expression compared to the control and 
to MDEA alone. The degraded PIP atmosphere showed a statistically significant increase in GMCSF expression.
This investigation represents a hazard evaluation and not a dose-response assessment; however, the results suggest 
that our approach can be used successfully to screen potential solvents for carbon capture for acute human health 
impacts.
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1. Introduction 
Amines used in carbon capture and storage (CCS) have generally been poorly characterized with respect 
to potential acute health effects. This is even more true when considering the formation of degradation 
products within the capture system itself or downwind of release. Unfortunately, there are few published 
emissions data from operating pilot facilities, so the extent of release is not well-understood. 
 
Recently, a number of publications have reviewed the toxicological literature on amines and their 
degradation products ([1-5]. While our knowledge of the health effects of amines is somewhat well-
developed, primarily from the occupational literature, the toxicity of specific degradation products such as 
nitrosamines and nitramines is more limited. Moreover, the literature that does exist on some of these 
reaction products is solely focused on mutagenicity and carcinogenicity endpoints. Our aim was to 
employ more contemporary toxicological endpoints that are commonly used in air pollution toxicological 
evaluations. This study evaluated the inflammatory potential of several inhaled amines and their 
degradant mixtures.  Monoethanolamine (MEA), methyldiethanolamine (MDEA), and piperazine (PIP) 
were used, as these are three of the most well-studied amines for CCS performance and their potential to 
degrade during flue gas interactions.    
2. Methods 
2.1 Amines used 
 
Monoethanolamine (MEA), piperazine (PIP), and methyldiethanolamine (MDEA) were purchased from 
 
2.2 Amine degradation 
 
Amine degradation was carried out in a 1-L stainless steel vessel maintained at 150ºC and approximately 
15 psi. The elevated pressure and temperature accelerated degradation that may occur over a longer time 
period. The vessel was placed on a heating mantle, wrapped in electronically-controlled heat tape and 
coupled to gas cylinders for the introduction of gaseous reactants. NO2 (Scott Specialty Gases, 
Plumsteadville, PA) was delivered at 0.06 L min-1 at 200 ppm and purified air (Matheson, Albuquerque, 
NM) was delivered at 0.5 L min-1 for 10 minutes. The exhaust port on the vessel was sealed and 
pressurized to 15 psi with NO2 and purified air prior to closing the inlet. The vessel was heated  to 
approximately 150ºC. Once the reactants were added and the system was pressurized it was left in the 
recirculating condition to ensure adequate mixing of the liquid. Reactants were added from gas cylinders 
when the pressure decreased in the system or at least 2 times/day. Degradation was carried out for 
approximately 75 d. Amine degradation was evaluated by HPLC and GCMS to confirm the degradation 
amount and characterize degradation products.   
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2.3 Chemical analysis of amines and amine degradants 
 
High pressure liquid chromatography (HPLC) analysis for MEA was conducted on an Agilent 1100 
HPLC coupled with an ultraviolet detector (Foster City, CA) after collection on a Pallflex filter. Amine 
samples were collected on SKC tubes pretreated with 1-naphthyl-isothiocyanate (NITC) to derivitize the 
amine. Aerosol samples were prepared by collecting the sample from the chamber at approximately 0.25 
L min-1 for 5 minutes onto the NITC tube. The NITC tube was broken open and its contents (XAD and 
glass wool) were poured into a 7 mL glass scint vial, and 2 mL of  N,N-dimethylformamide (DMF) were 
added and the vial was placed in an oven at 60° C for 10 min. The extract was then decanted to a 2 mL 
autosampler vial and analyzed by reverse phase HPLC. Analysis of degraded MEA required addition of 
approximately 15 mg NITC to the extraction vial. Analysis was carried out on a Phenomenex Luna 
C18(2), 5u, 4.6 x 150 mm column. The method was operated isocratic utilizing a 70:30 purified 
water:acetonitrile mixture with a 8 min run time and 6.2 min retention time.   
 
MDEA and PIP samples were collected through an SKC Anasorb 708 cartridge (Eighty Four, PA) 
sampled at approximately 0.25 L min-1 for 5 min. Cartridges were extracted with 2 mL of acetone and 
analyzed by an Agilent 6950 series gas chromatograph connected to an Agilent 5973N (inert) mass 
spectrometer (Foster City, CA). The samples were analyzed by single ion monitoring (SIM) with initial 
temperature of 50ºC for 2 min, and then ramped at 15ºC/min until 180ºC, for a run time of 10.7 min. The 
retention times for MDEA and PIP samples were 8.0 min and 6.1 min, respectively. The GCMS was run 
at a constant pressure of 15 psi with injection temperature 300ºC. 
 
Volatile carbonyl compounds were collected on C18 Sep-Pak (Waters, Inc.) cartridges impregnated with 
2,4-dinitrophenylhydrazine.  These cartridges trap the carbonyl compounds as hydrazones which are 
eluted after sampling with 2 mL of analytical grade acetonitrile. Carbonyl analysis was conducted by 
HPLC-MS on an API-365 Ionics EP10+ converted MS (Applied Biosystems, Foster City, CA) coupled to 
an Agilent 1100 series HPLC.    
Mass spectral analysis to determine components of the amine degradation mixtures was conducted by 
GCMS operated in scanning mode, with the GC conditions defined above. Spectral interpretation was 
conducted by comparison versus spectral libraries and structural elucidation based on interpretation of 
fragmentation patterns. 
2.4 Animal strain and husbandry 
 
Male C57bl/6N mice (n = 8/group), 6-8 weeks old on arrival, were purchased from Harlan LabBloks 
(Madison, WI) and quarantined for 2 weeks before use. Mice were housed in whole-body exposure 
chambers for the duration of the exposure period with water provided ad libitum and food (Harlan, 
Madison, WI) was provided during non-exposure hours. Light:dark cycles were 12:12h, and exposures 
were conducted during the light phase.  Each experiment included a set of control animals exposed to 
filtered air (FA). All procedures were approved by the Lovelace Respiratory Research Institute Animal 
Care and Use Committee. 
2.5 Inhalation exposure 
 
Exposures to amines, amine degradants, or FA were conducted in a whole body chamber inhalation 
exposure system for 6 h/d for 7 consecutive days. The test article (diluted in purified water) was delivered 
by a Hospitak  nebulizer connected to a continuous feed reservoir at 20-30 psi. Forced air dilution 
through the delivery line was set at 13-15 L min-1 and exhaust was set at approximately 25 L min-1.  
Exposures were run for 6 h 10 min with a T-90 of 10 min. Aerosol sampling was conducted through 
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either an XAD-7 (MEA) or Anasorb (MDEA and PIP) SKC cartridge (Eighty Four, PA) approximately 
once per hour and drawn through the cartridge at approximately 0.5 L min-1 for 5 min. Exposures to 
amines were conducted at 25 ppm.  Amine degradants were exposed at 25 ppm minus the % degraded 
from the mixture. For example, MEA showed 30 % degradation, so the exposure target was 17.5 ppm.   
2.6 In vivo assessment 
 
Eighteen to twenty-four hours after the final exposure, animals were euthanized by an overdose of 
pentobarbital-based solution. Animals underwent total lung lavage and bronchoalveolar lavage (BAL). 
Briefly, the lungs of the mice from each exposure group were lavaged two times with approximately 0.5 
mL of phosphate buffered saline, and total cells were evaluated using a hemocytometer. Differential cell 
types were evaluated on a Diff-Quick-stained cytocentrifuge preparation. A panel of tissue cytokines 
expressed in response to tissue injury or inflammation (GM-CSF, IL-4, IL-1 , IL-6, IL-10, IFN- , GRO-
KC, Rantes, TNF- , VEGF, IL-12, MCP-1) were measured as indicators of inflammation. These were 
analyzed using Luminex multiplex technology (Biosource: human 30-plex) and performed as 
recommended by the supplier using a BioPlex 100 instrument [6]. To assess oxidative stress in the lung, 
lipid peroxidation was assessed using a thiobarbituric acid reactive substances (TBARS) assay, as 
previously described [7]. Tissue was homogenized and sonicated for 15 s at 40 V and homogenates were 
used to determine TBARS levels. The right middle lung lobe was resuspended by diluting 1:10 
weight/volume in normal saline.A TBARS assay kit (OXItek, ZeptoMetrix Corp, Buffalo, NY) was used 
to measure TBARS levels in whole tissue homogenates. Duplicate samples were read on a 
spectrophotometer (Perkin Elmer Lambda 35, Boston, MA) and using a malondealdehyde (MDA) 
standard curve, and results expressed as MDA equivalents. 
2.7 Statistics 
 
Statistical analysis of biological response by one-way analysis of variance (ANOVA) and student t-test 
for exposure related effects was conducted with GraphPad Prism software, version 5.01 (GraphPad 
Software, San Diego, CA). The criterion for statistical significance was set at p = 0.05 with n = 8 animals 
per group. 
 
3.0 Results 
3.1 Characterization of amine degradation products 
 
MEA, MDEA, and piperazine showed a wide range in the extent of degradation, with piperazine showing 
the least amount of degradation (12%), MEA showing approximately 30 % and MDEA showing the 
greatest amount (60%) of degradation over the approximately 75 day period. Additional analysis showed 
the formation of oxidant carbonyls in the degradant system (Table 1), and qualitative analysis of the 
degradation profiles revealed a complex mixture of nitrogen-based organic compounds. Compounds 
identified by GCMS included nitrogen-containing dimers and heterocyclic amine/amine derivatives, 
amine carboxylic acids and amides.  A number of similar compounds have been identified or postulated 
in previous studies [8]. 
 
Table 1. Carbonyls detected in degraded amine atmospheres 
 Average Concentration (ppb) 
Analyte Peak Name MEA MDEA Piperazine 
acetaldehyde 23.17 3.31 0.36 
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acetone 10.96 6.82 14.12 
benzaldehyde 0.91 0.53 0.42 
butyraldehyde 2.77 0.40 0.35 
formaldehyde 1.72 3.59 3.81 
hexaldehyde 0.88 0.60 0.56 
propionaldehyde 0.70 0.00 0.47 
butanone 1.60 1.06 0.93 
 
3.2 Inhalation toxicity of amines and amine degradation products 
 
Cell counts in BAL fluid from C57bl/6N mice exposed to amine and amine degradation products 
provided a measure of inflammatory response in the lungs. Figure 1 shows cell counts presented as fold 
increase over the control response. The response in control animals is depicted as the dotted line on each 
graph. Inhalation exposure to degraded MEA caused significant increases in total cells, neutrophils, and 
lymphocytes (Figure 1,A-C), whereas MEA did not cause significant changes in any cell counts. There 
was approximately a 175-fold increase in neutrophils in the BALF of mice exposed to degraded MEA 
atmosphere. Neither MDEA nor piperazine, or their degradant mixtures, showed increased inflammatory 
cells in BALF (data not shown).    
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Figure 1. (A) total cell count, (B) neutrophils, (C) lymphocytes, and (D) macrophages in BAL fluid from 
mice exposed to MEA and degraded MEA atmospheres.  Data are presented as mean/standard error fold 
increase over control, indicated at 1.0. The degraded MEA atmosphere showed significant (p <.05) 
increases relative to the control response for total cell count, neutrophils, and lymphocytes, as depicted by 
the *. 
 
Oxidative stress in the lung was measured by TBARS (Figure 2). The MEA atmosphere caused a 
statistically significant decrease in TBARS in C57bl/6N mouse lung.  No other atmospheres caused 
statistically significant changes. 
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Figure 2. TBARS in lungs of C57bl/6N mice exposed to MEA, MDEA, piperazine, or their respective 
degradant mixtures.  Data are presented as mean/standard error fold increase over control, indicated at 
1.0.  The MEA atmosphere showed a significant (p < .05) decrease relative to the control response, as 
depicted by the *. 
 
The expression of several cytokines in the lung of C57bl/6N mice exposed to MEA, MDEA, piperazine, 
and their degradants was assessed (Figure 3). The degraded MDEA atmosphere caused the strongest 
cytokine response of the six atmospheres tested, producing statistically significant increases in GRO-KC, 
MCP-1, and GMCSF expression compared to the control (Figure 3, A-C). There was a trend to increased 
IL-12 expression in atmospheres of all amine degradants, although not statistically significant (Figure 
3D). Also, the degraded PIP atmosphere showed a statistically significant increase in GMCSF expression 
(Figure 3C).  Expression of other tissue cytokines evaluated did not cause significant responses (data not 
shown). 
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Figure 3. Cytokine expression in lungs of C57bl/6N mice exposed to MEA, MDEA, piperazine, or their 
respective degradant mixtures. Data are presented as mean/standard error fold increase over control, 
indicated at 1.0.  Sample size to evaluate GMCSF expression for MEA and degraded MEA and MCP-1 
expression for MEA was too low for analysis and is presented as 1.0. 
 
 
4.0 Discussion and Conclusions 
 
As carbon capture technologies continue to be developed and tested and approach full-scale 
commercialization, it will be important to ensure that any releases of solvent or degraded solvent are not 
harmful to human health. This study was designed as a screening evaluation of three commonly used 
amines and their degradation products. We used a simulated degradation setup including air and NOx, 
and evaluated the pulmonary inflammatory potential of inhalation exposure. 
 
There was a wide range of degradation, depending on the amine, and the degradation process led to 
increases in oxidants and a complex mixture of nitrogenous organic compounds that were tentatively 
identified by GCMS. The degradation products included oxidant carbonyls, amine dimers and 
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heterocyclics, carboxylic acids, and amides. Overall, the degradation profile showed some similarities to 
compounds shown in previous studies,  
 
Exposure to amines or amine degradation product mixtures resulted in inflammatory responses in mice 
that were especially pronounced for degraded amine mixtures.  This enhanced toxicity may be linked to 
the increase in oxidative products, such as carbonyls, that are known to cause pulmonary inflammation 
[9]. The concentrations used in these studies are unrealistically high for environmental exposures.  
However, they were selected to achieve a response in order to compare various amines and their 
degradants. Initial studies with MEA at 10 ppm resulted in no inflammatory response (data not shown).  
As a result of this initial experiment, subsequent studies were conducted at higher concentrations.  Of 
interest was that the MEA degraded atmosphere was the only atmosphere to result in significant increases 
in inflammatory cells in the lung. Overall, cytokine expression was higher in the MDEA atmospheres that 
did not show increases in lavage inflammatory cells. With both MEA and MDEA, the biological response 
was exacerbated with the degraded mixture.   
 
The scope of the biological responses studied here were limited to acute inflammatory responses in the 
lung. The potential to cause long term effects, or effects outside of the lung, was not evaluated. Cancer 
risk would be a minimal concern for amines based on published literature [4]. However, the potential for 
degradants to contribute to long term cancer and non-cancer  risks is uncertain because of a lack of 
knowledge of their emissions, composition, and potential for exposure.   
 
This study was aimed at investigating the pulmonary inflammatory potential of inhaled amines and 
degradants.  It pertains primarily to environmental hazard from emissions, but may also apply to 
occupational exposure. Other waste streams, including water or soil contamination potential, should also 
be considered for the potential unintended consequence of widespread use of these solvents.  
 
The results of this study suggest that inhalation exposure to amines at high concentration poses minimal 
potential for lung inflammation under acute exposure conditions. The oxidative degradation products of 
the amines used caused inflammatory responses in the lung, albeit at unrealistically high concentrations 
compared to likely environmental exposure scenarios. The emissions of these products, and therefore the 
resulting exposure, are currently unknown until further study. The model used here will be useful to 
evaluate CCS amine candidates for both their degradation products and lung inflammatory potential.  
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